Capture-recapture models; band return models; fossil data; maximum likelihood estimation.
Introduction
-4-in efficiency incurred by discarding intervening capture records and applying band-recovery analyses (e.g., Models 1 and H l in Brownie et aZ., 1978) to the first and last captures only. The single age class situation (cf. Jolly, 1965; Seber, 1965 ) is considered first, and then two age classes (cf. Pollock, 1981) .
For simplicity, it is assumed that there are no losses on capture.
Otherwise, the usual assumptions are made that animals suffer independent fates, and that the population is homogeneous, at least within an age class, to time-specific survival and capture probabilities (see for example, Seber, 1982, p. 196) .
One age Class

Notation
Notation used is, in general, consistent with that in Chapter 5 of Seber (1982) . However, comparison between the multiple capture-recapture and band-recovery methods makes it necessary to extend this Dotation and achieve some compromise with that in Brownie et aZ. (1978) .
For the single age class Jolly-Seber model described by Seber (1982, p. 196) , the following notation is used.
S is the number of sampling occasions.
N.
is the total number in the population just before the ith I sample, i=l, ... ,s.
M. is the number of marked animals in the population before the I ith sample, j=l, ... ,s, M 1 =O.
U. is the survival rate from i to i+1, i=l, ... ,s-l.
is the probability an animal is captured in the ith sample given that it is present, i=2, •.. ,s.
U.
is the number first caught in the i th sample, i =1, ••. ,s-1-
is the number of marked animals caught in the ith sample, I i=2, ... ,s.
R.
is the number of marked animals released after the ith sample,
I
i=l, ••. ,s-l .
(R. = u.+m. assuming no losses on capture).
r. is the number of the R. that are captured at least once after I I the ith sample, i=l, ... ,s-l.
z.
is the number captured before and after, but not in, the ith
is the probability an animal present just after the ith sample I is not captured again, and is represented recursively by Nichols, 1984 ).
-6-In order to apply the band-recovery Model 1 analysis to the multiple recapture data, and obtain valid variance estimates, the recapture data are used to construct a recovery matrix. Table 1 ).
[ Table 1J As indicated in Table 1 
Estimators and Large SampZe Variances
Estimating survival rates is the main objective in many recapture studies, and is considered first. As noted by Seber (1982, p. 215 analogy is made to the band-recovery methods (Brownie et aZ., 1978, u. I fixed) .
For the multiple recapture data, the Jolly-Seber estimators and large-sample variances are (e.g., Seber, 1982; Brownie and Robson, 1983) : 
This leads to the maximum likelihood
<p. 1 P , X.
1-
The large sample variances and relevant non-zero covariances are
Var(p. )
The estimators based on first and last captures are denoted~. ,p.
I I
to distinguish them from the Jolly-Seber estimators~. ,p ..
The estimator p. and its variance do not appear in earlier articles * assumed that u. is Binomial (U.,p.) and t. 1 is Binomial CM. ,1-q.X.)
with U. and M. fixed and unknown. Thus, VarCN.) as presented below is
for fixed N. , and is comparable to Jolly's VCN.IN.) (equation (28),
Jolly, 1965).
l-q-:X.
ECu. -r . +m. )
Loss in Efficiency
The loss in efficiency due to using only the first and last captures was examined by comparing the appropriate asymptotic standard errors (se's), obtained from the variances in the preceeding section. For~. and~.
I I
the variances used include the component of variation due to viewing the number of marked animals surviving to i+l , of those present at i , as the outcome of a chance process (cf. Jolly, 1965; Seber, 1965; Brownie et al., 1978) , rather than a fixed quantity (cf. Pollock, 1981 Table 2 for the estimators of survival and capture probabilities and population size.
[ Table 2J Examination of Mardekian and MacDonald, 1981 and Pollock, 1981) , the loss in efficiency is substantial.
In summarizing their results, biologists often report an average survival rate (e.g., , as compared to~, by examined the loss in efficiency of~5 -2 = -2:-2 1:~.
5-
i=l I calculating the appropriate standard errors using variance and covariance formulae in (2) and (7) We also compared asymptotic standard errors for <PH = 1: w.~. and i=l
where the weights w. and v. are chosen to minimize the I I asymptotic variances of <PH and <PH ' respectively (subject to 1:w j = 1 and 1:v j = 1). Thus,~H is the "Hanover estimator" described by Jolly (1982) .
This comparison provides information concerning the relative efficiency of the two maximum likelihood estimators of a constant survival rate, <P , obtained assuming constant survival, and (i) applying the Model 2 analysis of Brownie et al. (1978) to the first and last captures, or (ii) applying Model B of Jolly (1982) to the complete recapture information (see Appendix 4, Jolly, 1982) . Results for loss in efficiency for~H (relative to~H)
were very similar to those for~(relative to $) for all cases considered.
Two age Classes
In this section, we consider estimation of young and adult survival rates (cp? and <P~respectively) given recapture information recorded separately
for individuals marked as young and as adults. Pollock (1981) analysis of first and last captures.
-0 -1
Loss in efficiency for the estimators~i and~i is illustrated for the example in Pollock (1981) . For this 4-year study on neck-collared young and adult giant Canada geese (Branta canadensis maxima), the recapture (i.e., resighting) rates were high (about 90 percent).
Survival rate estimates and estimated asymptotic standard errors obtained using the method of Pollock (1981) on all recaptures, and using the Model HI band-recovery analysis on first and last captures, are presented in Table 3 . No adjustment was made to correct for the neck-collar loss problem (see Pollock, 1981) .~O~1 The standard errors of~. and~. in Table 3 I I are substantially larger than those in Pollock (1981) because here they include the component of variation due to viewing the numbers of marked survivors as variables, not fixed quantities.
[ Table 3J Loss in efficiency in Table 3 was calculated as in Section 3.3, but using the estimated standard errors. The roughly 50% loss in efficiency shows the Model HI analysis to be clearly inferior in terms of precision of estimates.
Application to Fossil Data
Paleobiologists interested in examination of variation in extinction rates have made use of compilations of fossil records consisting of the periods of first and last encounters of the taxa of interest. This "stratigraphic range data" is analogous to capture-recapture data where records of first and last capture only are available.
In this setting, individuals correspond to species or taxa and a sampling occasion corresponds to a geologic period. The first (last) capture occasion is the earliest (latest) period in which the taxon is * encountered in the fossil record, and therefore, r .. is the number of taxa IJ first recorded in period i and last encountered in period j. Survival from the midpoint of one period to the midpoint of the next (~.) is the I complement of the extinction rate, the capture probability (p.) is an I "encounter probability" or the probability that a taxon is observed in a period given that it is extant during that period, and the population size (N.) refers to the total number of taxa present.
I
Further discussion concerning the correspondence between this type of paleontological data and capture-recapture methodology (including validity of assumptions) is contained in Nichols and Pollock (1983) and Conroy and Nichols (1984) . The estimation of ¢. by applying the band-recovery methods of Brownie et aZ. (1978) is also described by these authors. In this context, inefficiency of the band-recovery analyses is not an issue because the complete capture information is not available.
However, use of the estimators p. and N. [equations (6) and (9) substantially to the information resulting from the analyses described by these authors.
The estimators p. can be used to examine the validity of the commonly I made assumption that the encounter probabilities are approximately one.
This assumption is the basis of many earlier analyses of similar data, and reported trends in extinction rates, which are dependent on this assumption, may be completely erroneous if the actual p. are less than one and not
constant.
An example for families in the phylum Mollusca follows. Numbers of first and last encounters for periods ranging from the lower Ordovician to the upper Permian, based on data in Sepko ski (1982) , are presented in Table 4 .
[ Table 4J Using program ESTIMATE to perform the band-recovery analysis of Brownie et aL (1978) equations (5), (6) and (9).
were obtained using the Model 1 output and Extinction rates were calculated as 1-~. ,
with standard error given by se(~.) and were not adjusted for the I differences in lengths of the geologic periods. Estimates and estimated standard errors are presented in Table 5 .
[ 
Discussion
In examining the inefficiency of the practically expedient band-recovery analysis on a subset (first and last captures only) of the recapture data,
we have ignored bias of the different estimators. This is because various bias-reducing corrections can be employed which do not affect asymptotic variances (cf. Seber, 1982, p. 204 and Brownie et aZ., 1978, p. 16 ).
Inefficiency associated with band-recovery analysis of multiple recapture data was addressed in Brownie et aZ. (1978) , but for a different implementation of the analysis. The recovery matrix was assumed to contain every recapture for an individual recorded in the same row of the matrix, so that the multinomial structure of elements in a row was lost. Applying the band-recovery analysis to such a recovery matrix will produce invalid (negatively biased) variance estimates, and is not recommended (see the last paragraph of Section 8.2, Brownie et aZ., 1978) . The results for loss in efficiency in Brownie et aZ. (1978) do not apply to the analysis of first and last captures considered here. Table 2 may be used to assess the inefficiency of a band-recovery analysis of first and last captures. In doing this, it is important to note that recovery rates f. produced by the band-recovery I analysis underestimate capture probabilities p . . Table 2 is based on the value of p. and not f. = ¢. 1 P . X .
Results in
I
Inefficiency in
In live recapture studies, capture probabilities p. will often be substantially I larger than the 5 percent recovery rate of~any band-recovery studies, and the additional effort involved in implementing the appropriate multiple-recapture analysis will be warranted. ( .0584) .72 ( • 1259) 54 1 cj>1 .63 ( .0422) .63 ( . 120 I ) 65 2 *Not adjusted for neck-collar loss (see Pollock, 1981 
